Control of the individual leg
The results described here mainly concern the coupling mechanisms between legs, i.e. those mechanisms that produce a proper coordination of the walking legs even when walking is disturbed. However, it is helpful first to consider how the movement of an individual leg is controlled. The mechano-neuronal system that produces this movement might be called the 'leg-movement pattern generator'. To avoid a possible misunderstanding, it should be stressed that it is completely open whether this pattern generator contains an endogenous central pattern generator.
For simplicity, only forward walking will be discussed. The cyclic movement of a walking leg consists of two parts (Fig. 1A) , the power stroke (also stance phase or support phase) and the return stroke (also swing phase or recovery phase). During the power stroke, the leg is on the ground where it can support and propel the body. In a forward-walking animal, this corresponds to a retraction movement of the leg. During the return stroke, the leg is lifted off the ground and swung to the starting position for the next power stroke. In forward walking this corresponds to a protraction movement of the leg. In the stick insect, which has been investigated in detail, the movement of the leg during both the power stroke and the return stroke is controlled by at least one servo-system, in this case, a system using negative feedback. The servo-system regulates a parameter corresponding to the velocity of the leg2-5. This was later shown to be true even for a single joint 6'7. With respect to the temporal pattern of stepping, the critical question is how the pattern generator decides whether or not the transition from one mode (power or return stroke) to the other should be made. Experimental results have shown that for insects the most critical point is the transition from power stroke to return stroke. This seems to be intuitively clear as this transition terminates the support function of the leg; if performed at the wrong moment the animal may be left unsupported, which may be hazardous. Nevertheless, other solutions are also possible (see below). Three parameters influence this transitionposition, load, and phase in the step cycle of the other leg. The first two depend on proprioceprive informarion describing the state of the leg itself; these peripheral influences ensure that the leg only lifts off the ground when its position relative to the body is far enough to the rear and that it only lifts off when the load under which it stands is small enough 8'9. These results can be summarized by the circuit model shown in Fig. 1B 1° . The first part of the model is a hierarchically superior circuit that decides which of the two states, power stroke or return stroke, the system should adopt. The relay characteristic produces the two alternative target positions AEP and PEP (anterior and posterior extreme positions) when its input value is positive or negative, respectively. The value of the target position is compared with the actual leg position. The result is also affected by signals from load-sensitive organs. The output of the decision circuit is considered as reference input for the second, inferior circuit, a velocity-controlling feedback system. A positive output value of the decision circuit corresponds to a movement in the anterior direction (positive velocity, return stroke) and a negative value to movement in the posterior direction (negative velocity, power stroke). Results reported by B~issler 7 support the assumption that load-sensitive organs also affect the system on the lower level, which is however not shown in Fig. lB .
The model could easily be reformulated in neuronal terms. The decision part can, for example, be represented by a bistable circuit, which consists of two neurons that reciprocally inhibit each other, as described by Land n and B~issler 12.
Coordination between legs
The third parameter is of major importance here because it depends on coordinating influences: the transition from power stroke to return stroke of one leg also depends on the relative timing or the phase of the leg's movement to that of the other legs. As these influences do not originate in the leg's own periphery but have to be mediated via neuronal pathways from the pattern generators of other legs, they might be called 'internal' influences. In addition, direct peripheral influences from the sense organs of neighbouring legs might exist which are not involved in the pattern generators of these legs. Not only are coordinating mechanisms known that influence the power-return stroke transition, but also mechanisms that influence the return-power stroke transition at the AEP and mechanisms that influence the strength of the motor output during the power or the return stroke. The experimental data show no essential differences in the peripheral influences within a leg among insects, crustaceans, and even mammals. In contrast, comparative investigations have shown that the coordinating mechanisms are quite different for crustaceans la, insects 14'~5, and mammals ~6. The latter, however, are not considered here, and we concentrate on results obtained for the two most thoroughly investigated species, the crayfish (Astacus leptodactylus) and the stick insect (Carausius morosus).
Ipsilateral coupling
As a common feature it can be stated that in arthropods, coupling between ipsilateral legs, i.e. legs on the same side of the body, is generally stronger than coupling between contralateral legs, i.e. legs on opposite sides of the body. Therefore ipsilateral mechanisms are easier to investigate and will be treated first.
To begin with the crayfish, two coordinating mechanisms are found acting between neighbouring ipsilateral legs 13. These two influences are schematically presented in Fig. 2 . The two traces represent the movement of the two legs. Several phase situations are plotted in each sketch. They might be produced by a disturbance of the normal walk due, for example, to an experimental interference. One coordinating mechanism is only rostrally directed. This is illustrated in Fig. 2A : as long as the posterior leg performs a power stroke, the anterior leg has to perform or continue a return stroke. In addition, the velocity of the movement during the return stroke is also decreased to some extent. Thus the return stroke can be prolonged so that normal coordination is regained in the next step. The horizontal striped bar indicates the time during which this mechanism is active. The intensity of the influence is roughly indicated by the thickness of the bar. The second influence, illustrated in Fig. 2B , is caudally directed. When the anterior leg is near the end of its power stroke or at the beginning of its return stroke, an influence with increasing intensity has the effect of ending the return stroke and beginning the power stroke of the posterior leg, thus shortening the return stroke of this leg. As indicated by the stippled wedge, this influence ends abruptly about 200 ms after the beginning of the return stroke of the anterior leg. Both coordinating mechanisms influence the transition from return stroke to power stroke.
A crayfish has four ipsilateral legs. Thus two of these legs have both an anterior and a posterior neighbour. These 'middle' legs might therefore obtain both influences which, depending on their temporal relation, could superimpose. When the middle leg obtains the signal from the anterior leg at the beginning of the power stroke of the posterior leg, this can produce a long return str6ke, interrupted by a short power stroke, in the middle leg (see Fig. 2C ). So in this situation the caudally directed influence is somewhat stronger. It is the transition from power to return stroke that is affected, which means that the PEP is shifted to a more rostral position. In any case both mechanisms act together so that an incorrect phase relation between two legs is immediately corrected within the following step. Although for convenience the mechanisms are described as influencing the transition between the two states, this example shows that the influence could also be described as facilitating one of the two states. By means of a model calculation it can be shown that each mechanism alone would be sufficient to produce a coordinated walk. The connections can therefore be considered redundant.
Contralateral coupling
To couple the contralateral legs of the same segment, the crayfish uses a mechanism that closely resembles the ipsilateral, caudally directed influence (Mfiller, U., unpublished observations). In contrast to right leg c.~,/" "~e,. the ipsilateral mechanism where the influence is only active during a small fraction of the whole step cycle (see Fig. 2B ), the contralateral influence continues during most of the cycle (Fig. 3) . With the exception of a small phase range the return stroke of the other leg is always shortened. Contralateral coupling is much weaker than ipsilateral coupling. While in ipsilateral legs the effect of a disturbance is compensated within the following step, because of the weaker coupling in contralateral legs a disturbance results in a so-called 'gliding' coordination (the 'relative' coordination of von Hoist17). This means that several steps are necessary to regain normal coordination. Contralateral coupling acts in the same way in both directions but one leg might be slightly more dominant. This dominance seems to be inherent to some extent but can also be influenced experimentally by applying different loads to the legs.
Coupling mechanisms in stick insects
Quite different results were found concerning the coordinating mechanisms in the stick insect. Three different mechanisms influence the PEP, i.e. the transition from power stroke to return stroke. They are shown schematically in Fig. 4 . Two influences are rostrally directed. One (Fig. 4A ) hinders a leg from starting a return stroke while the posterior leg performs its return stroke and may continue for about another 100 ms. This influence can prolong the power stroke14,18,19. Experimental results indicate that this is done by shifting the threshold for beginning a return stroke to a more posterior position 9. In contrast to this 'inhibitory' influence the two other mechanisms have 'excitatory' effects. The second rostrally directed influence (Fig. 4B) can elicit a return stroke in a leg when the posterior leg starts a power stroke 14. This influence shortens the duration of the power stroke. A third influence is caudally directed (Fig. 4C) : the start of a return stroke occurs earlier, the farther the anterior leg is moved rearward during its power stroke 14 ' 19-21 . This causes the posterior leg to perform a return stroke before the anterior leg begins its return stroke. These three mechanisms are redundant in that they produce the same effect -the nearly immediate re-establishment of coordination in the case of any disturbance.
In addition, two other, less important, coordinating mechanisms are found in the stick insect. During walking the hind leg tarsus is placed immediately behind the middle leg tarsus 2~'23. The same 'targeting' occurs between middle and front leg and also between front leg and antennae (Cruse, H., unpublished observations). The main function of these mechanisms is presumably to help a leg find ground contact, an essential function when climbing on branches, but trivial when walking on a continuous surface. Another coupling mechanism is the so-called 'co-activating' influence, which affects the motor output during the power stroke ~4'25. An increase in the motor output of a leg immediately leads to an increase in the motor output of neighbouring legs during their power stroke. Thus, these co-activating mechanisms provide an increase in the propulsive force of the whole animal. In contrast to the influences discussed above, the coactivating influence is a mutual influence between all immediately adjacent legs with the exception of the two hind legs.
These co-activating influences are not the only contralateral effects. As was found for the crayfish, coupling between contralateral legs is weaker than that between ipsilateral legs. However, two of the three mechanisms found for ipsilateral legs also act between contralateral legs of the same segment. These are the two 'excitatory' mechanisms shown in Fig. 4B , C. As in the crayfish these contralateral influences seem to act in both directions between the two legs of one segment.
The neuronal basis of coordination
On the neuronal level a lot is known about the control of an individual leg. However, little informarion is available concerning the problem of coordination between legs (for reviews see Refs 1, 26, 27) . The electrophysiological data are mostly qualitative in the sense that no detailed phase dependencies were measured and they therefore cannot yet be compared quantitatively with the behavioural data. Within these limitations there is a correspondence between the results obtained by both methods: in crustacea an alternating rostrally directed influence was found that might correspond to that shown in Fig. 2A 28 . In stick insects the hind legs can be driven experimentally in the rhythm of the middle legs, implying a caudally directed influence 29. When the front legs were intact but meso-and metathoracic ganglia were completely deafferented, the activity of protractor motoneurons of the middle leg was phase-dependent in that its activity increased during the course of the front leg retraction (Fig. 5) . This was also found to occur between intact middle and deafferented hind legs 21. Both effects probably correspond to the caudally directed mechanism described in Fig. 4C . In the cockroach a mutual coupling of ipsilateral legs was found that inhibits a burst of flexor motoneurons in one leg during a flexor burst in the neighbouring leg 3°. The flexor burst corresponds to a return stroke in'a walking animal. Thus it might correspond to the mechanism shown in Fig. 4A which, in contrast to the behavioural results obtained in stick insects, would act in both directions. But as in these experiments the animals were pinned upside down (and deafferented) it is doubtful whether these results can actually be attributed to walking activity 31'32. By simultaneously measuring leg movement and electrophysiological activity in the stick insect, it was found that during a prolonged power stroke of the hind leg, changes linked to the movement of the middle leg can be variable (Fig. 6) . They can be (1) weak and only decrease the frequency of action potentials in the hind leg power stroke, or (2) stronger and stop the power stroke activity to start a short return stroke burst producing a short lifting of the leg, or (3) strong enough to elicit a real return stroke. It is not clear whether this results from a changing intensity of the signal from the middle leg or whether it represents a changing sensitivity of the hind leg pattern generator to coordinating signals. A first step towards locating the coordinating mechanisms on a more neuronal level than by directed electrophysiological recordings is to cut connectives. Results of such experiments in the cockroach 36 suggest that contralateral influences exist between the front legs and between the hind legs, but no work has been done on the coupling between middle legs. Furthermore, after cutting a connective the two adjacent legs start some return strokes during the return stroke of the other leg, indicating that an inhibitory coupling mechanism is destroyed. A detailed investigation of cutting connectives in the stick insect showed that all known coordinating mechanisms seem to be conveyed by the ipsilateral connective 37.
Height control
The coordination of legs in a walking animal is discussed here only with respect to the movement in the forward-rearward direction, i.e. the horizontal component of the movement. However, when walking over an uneven surface, the legs have to act together in order to control the height of the body and coordinate movement in the vertical direction. The behaviour of a stick insect walking over different obstacles 38 or standing on different substrata 39 Can be quantitatively described according to a hypothesis that each leg acts as a vertical 'spring' which is independent of the other legs; thus the mechanical connections via the body are sufficient and no neuronal coupling between the legs is necessary to control body height. 
Control exerted by other neural centres
An animal does not always walk. Therefore it has to be possible to activate and inactivate the neuronal circuitry that produces walking movements. This circuitry can be imagined to consist of systems like that schematically represented by Fig. 1B , which has to be completed by coordinating influences. An animal can start walking spontaneously or by being excited by external, e.g. tactile, stimuli. Some crustacea were found to be easily stimulated to walk when the legs of the animal were moved rearwards by moving the ground beneath the animal using a motor-driven belt. B~issler 7 found that in the stick insect, even when the sense organ of a single joint, the femoral chordotonal organ, signals a rearward movement, the neural circuitry of the leg can be excited to start walking, if the central excitation of the animal is high enough. The same organ is shown to be a feedback transducer in the velocity feedback loop. Thus, the stimulus 'movement of the leg' affects the system on different levels, on a lower level as a velocity feedback and on a higher level activating the whole system (the latter is not shown in Fig. 1B) .
When the standing stick insect is stimulated to walk by, for example, a tactile stimulus, all legs that are on the ground start with caudally directed forces 4°. This shows that the neural circuitry of each leg always starts in the state of power stroke when activated after a pause. This is, however, not generally the case. Land 11 reported that in the jumping spider, a leg can also stop the movement within a return stroke and later continue walking by completing the interrupted return stroke. Influences on the leg pattern generators are also necessary when the animal walks in curves. As reviewed by Graham 1, examples for both theoretical possibilities can be found: (1) the coordination between right and left legs can be maintained and the step amplitude, the distance between AEP and PEP, increases for the legs on the outside and decreases for those on the inside of the curve; (2) right and left legs can become uncoupled and the outside legs walk with higher frequency.
Concluding remarks
The results, which up to now have been mainly based on behavioural data, show that each walking leg can be considered as an oscillating unit with the properties of a relaxation oscillator. While the internal organization of this oscillator seems to reflect a hierarchical structure, the coupling between the different oscillators is organized in a non-hierarchical manner. The coupling between two such oscillators is not continuous as is the case in many mathematical descriptions of coupled oscillators. In contrast, the coupling between walking legs seems to be active only within selected phase ranges and 'switched off' at other times. Ipsilateral influences are asymmetric in the sense that rostrally directed influences are in general qualitatively different to caudally directed ones. Contralateral mechanisms seem to be symmetrical although quantitative differences can be found such that one side is able to dominate the other to some extent. There is a redundancy in the sense that different mechanisms produce basically the same result, namely a proper coordination between legs. The existence of several different mechanisms provides the possibility of a faster recovery of normal coordination after a disturbance, and makes the whole system more stable. Earlier theories involving coupling mechanisms that acted only in one direction had to assume the existence of a hierarchy of 'eigenfrequencies' in the different oscillators. This means, for example, that the front legs if uninfluenced by coordinating signals walked faster than middle legs and these in turn walked faster than hind legs (see Ref. 41 for review). Because of the combination of different caudally and rostraUy directed coupling mechanisms this assumption is no longer necessary.
The mechanisms seem to be quite different in different animals. Comparative studies showed that the mechanisms in the crayfish and in the rock lobster are very similar 42. Forward-directed inhibitory influences were found for the stick insect, for the grasshopper I and probably exist in the cockroach. One can speculate that the differences between crayfish and stick insects reflect those between decapods and insects. Whether this is so or not, one might look for ecological causes of these differences. What might be the reason for the different strategies used for the coordination of legs in crayfish and in stick insects? A basic difference is that maintaining the stability of the body position is much less a problem for the crayfish walking under water and using eight legs than for the stick insect walking on land and climbing on branches with only six legs. Therefore the stick insect is under much more constraint to keep as many legs on the ground as possible at one time. It may be that in stick insects coordination has to be obtained by a shorter or longer prolongation of the power stroke, whereas the crayfish can afford to solve the coordination problem by maintaining legs in the return stroke for longer. The latter might be the simpler computational task because (1) stability problems that arise when changing the end of the return stroke might generally be less critical than those that arise when changing the end of the power stroke and (2) the control of the leg movement is easier during the return stroke when the movement of the leg is not mechanically coupled to the other legs. The number of publications on cognition in Parkinson's disease (PD) has grown exponentially in the past three decades. This reflects not only great interest in this aspect of PD itself, but also the belief that the cognitive abnormalities may give some clue as to normal cognitive function. In particular, the studies may hint at the role of the basal ganglia and their cortical connections in cognition. The research can be considered at three levels. First, particularly in the early days, research took a pragmatic 'look and see' approach, in which individual tests or groups of tests were administered to largely unselected groups of subjects. From this research, certain patterns of impaired and intact performance became evident. The second stage has been an attempt to define these deficits more precisely, the conditions under which they occur, and occasionally, whether particular subgroups of patients are more susceptible. These studies, although guided by previous empirical evidence, have been largely descriptive (see Box 1) 1-7. Some have been limited to deficits affecting a single domain of cognitive function such as memory or visuospatial function, or an anatomically defined region such as in the 'frontal' deficit. Others have sought to define a broader range of deficits that cross the classic boundaries of neuropsychological function, including bradyphrenia, 'set-shifting', internal attenfional control, deficits in sequencing, temporal organization and recency discrimination. These two categories should not be seen as mutually exclusive. In some cases they overlap, while in others they may be hierarchically organized. It should be noted that this paper does not aim to be an exhaustive review of the literature on cognitive function in PD. One major area not included in the present article is that of dementia in PD and its relationship to other neurodegenerative disorders. The reader is referred to a recent review that covers this area in detail s .
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